Abstract: Unreinforced, non-engineered low-strength brick masonry structures comprise a large percentage of buildings in the Himalayan region and have been extensively damaged in recent earthquakes. Due to the high seismic hazard of the region and the inherent vulnerability of non-engineered masonry structures, a seismic assessment of masonry construction in this region is imperative. In this study, a suite of strong ground motions is developed using data from major Himalayan earthquakes. Using a mechanistic-based procedure for predicting the monotonic load envelope which identifies limit states of cracking, strength, and collapse using stress-based criteria, a hysteretic model was calibrated to experimental data of unreinforced masonry shear walls. Nonlinear time history analyses are performed on the validated single degree of freedom models of two unreinforced masonry walls. The analytical results correlate well with observed damage to masonry structures in Himalayan earthquakes. Peak ground acceleration of ground motion is observed to be the key parameter influencing displacement of walls. A linearly increasing trend is observed between the PGA and the observed displacement up to a PGA value of 0.1g. A weak correlation is observed between displacement and ground motion frequency parameters. 
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PUBLIC INTEREST STATEMENT
The Himalayan region has high seismic hazard and has witnessed several destructive earthquakes in the past. Unreinforced masonry (URM) structures comprise the bulk of structures prevalent in this region. Recent Himalayan earthquakes have caused extensive damage to URM structures. To understand the severe damage to URM structures, nonlinear time history analysis is essential. In this study, a suite of strong ground motions from major Himalayan earthquakes is developed. Two URM walls based on the similarity of their material and geometric properties with URM walls in the Himalayan region were selected. The hysteric behavior of both walls was validated with observed experimental behavior using a cyclic model. Results from the analyses correlate well with actual damage to masonry structures recorded in post-earthquake studies conducted in the region. The study also determines the influence of the different ground motion parameters on the displacement of the URM wall.
Introduction
The Alpine-Himalayan region which covers the entire Himalayan range of India is the second most active seismic belt in the world (Sinvhal, 2010) . Some recent earthquakes which have occurred in this region include: 1991 Uttarkashi [M 6.8], 1999 Chamoli [M 6.8], 2005 Kashmir [M 7.6], 2011 Sikkim [M 6.9], 2015 . A large percentage of the building stock in the Himalayan region consists of unreinforced brick masonry (URM) structures, unreinforced adobe or block masonry structures and stone masonry structures. The poor performance of stone masonry walls in the Himalayan belt has been reported (Ali et al., 2013) and experimental and analytical studies on stone masonry walls are also available (Ahmad, Ali, Ashraf, Alam, & Naeem, 2012) . The percentage of building stock that is composed of brick masonry, unreinforced adobe and block masonry construction in India, obtained from Prompt Assessment of Global Earthquakes for Response (PAGER) survey is 69% for Unreinforced Fired Brick masonry (PAGER database, 2007) . Unreinforced brick masonry structures are also widely prevalent in the Himalayan region of Pakistan (Bothara & Hicyilmaz, 2008) and it has been reported that these structures were "non-engineered" and proportioned to sustain only gravity loads (Javed, Naeem, & Magenes, 2008; Naseer, Naeem, Hussain, & Ali, 2010) . There are two types of residential structures prevalent in the region: Katcha (non-permanent) and Pucca (permanent). The Katcha house has mud and stone rubble walls with cement-sand mortar with a mud roof supported on timber beams to support heavy mud insulation and snow load. The Pucca house has usually stone rubble or fired brick walls and the load-bearing unreinforced masonry (URM) walls support a heavy reinforced concrete slab on top (Durrani, Elnashai, Hashash, Kim, & Masud, 2005) . Recent earthquakes have exposed the seismic vulnerability of URM structures, which have been either severely damaged or have completely collapsed (Durrani et al., 2005; Rai et al., 2012; Whitney & Agrawal, 2017) . Traditional clay brick masonry structures performed poorly, and shear failure of brick walls was noticed with diagonal cracks. Due to the high seismic hazard of the Himalayan region and the inherent vulnerability of low strength masonry structures, a seismic evaluation of masonry construction is imperative.
Evaluation of seismic vulnerability of URM buildings requires a methodology for assessing the performance of such structures subjected to horizontal forces generated by earthquake ground motion. Simplified techniques for seismic assessment of specific URM buildings have been presented in several case studies (Formisano, 2012; Formisano, Florio, Landolfo, & Mazzolani, 2011; Formisano & Marzo, 2017) . Seismic fragility functions for masonry buildings have been developed using the displacement based earthquake loss assessment method (Ahmad & Ali, 2017; Ahmad, Ali, Crowley, & Pinho, 2014; Ahmad, Crowley, Pinho, & Ali, 2010a; Ahmad, Crowley, Pinho, & Ali, 2010b) . Ahmad et al. (2011) developed a fast building seismic screening method (FBSS) for masonry structures to assess their expected level of performance at a given site. The study used a site-specific and structure-specific methodology to develop simplified graphical methods, which can be used to predict the damage level of a system for a given seismic demand. Other literature on masonry is focussed either on the out-of-plane behavior of unreinforced masonry or reinforced masonry walls. Shear failure of unreinforced brick masonry walls, which has been predominantly observed in the Himalayan rural dwellings (Shrikhande Rai, Narayan, & Das, 2000) and elsewhere (Moore, Kobzeff, Diri, & Arnold, 1988; Moon et al., 2014; Reitherman, 1985; Somers et al., 1996) is an under-investigated area. A large number of URM shear walls tested in laboratories are subjected to static monotonically applied loads, which are more representative of wind loads than earthquake loadings (Boussabah & Bruneau, 1992) . Under seismic excitation, masonry exhibits significant inelastic displacement associated with cracking and its hysteretic behavior is characterized by strength and stiffness degradation. The post-cracking dynamic behavior of URM walls under seismically induced in-plane shear forces can be understood by subjecting URM walls to cyclic loads. Limited experimental studies are available on shear behavior of unreinforced clay brick walls (Abrams, 1992; Ali et al., 2012; Alsuwwi, Hassan, Awwad, & Ahmad, 2015; Anthoine, Magonette, & Magenes, 1995; FEMA 307, 1999; Khan et al., 2013; Magenes & Calvi, 1992) . Available experimental results, both cyclic and monotonic, for URM walls, vary widely due to variation in test materials, the geometry of tested walls and experimental boundary conditions which may not be similar to actual boundary conditions (Bosiljkov, Page, Bokan-Bosiljkov, & zarnić, 2010; FEMA 307, 1999) . Thus the expected performance of URM structures under anticipated earthquakes remains uncertain and inconclusive. There is lack of data to bridge the gap towards the performance-based design of unreinforced masonry structures (Bosiljkov et al., 2010) .
To bridge this gap, the displacement demand on URM structures may be evaluated analytically. However, the seismic response of URM walls is affected by the complex interaction of mortar and brick and the interface at the joints due to layering patterns. There is a lack of experimentally validated hysteretic models to explain the complex cyclic behavior of URM walls. This challenge to nonlinear time history analyses can be overcome by adopting a mechanistic-based approach to derive the monotonic load envelope for identifying various limit states of cracking, strength, and collapse using stress-based criteria. A hysteretic model may then be calibrated to available experimental test results and then be used to analyse an analytical model of a URM wall under seismic ground motions.
In the past, the lack of seismographs in the Himalayan region, combined with the absence of data sharing mechanism across government organizations, contributed to a poor understanding of the actual uncertainty due to ground motion in the Himalayas. As uncertainty in ground motion strongly depends on the local site conditions and geological profile of the area, for an accurate seismic assessment of URM walls it is essential to characterize the local ground motions recorded in the Himalayan region. Ground motion characteristics such as peak ground acceleration and frequency content are vital contributors to structural response. Correlation studies between damage indices for reinforced concrete buildings and seismic acceleration parameters have been performed (Elenas, 2001) . However, such a study is unavailable for URM structures. A proper evaluation of Himalayan ground motion characteristics and their relationship with displacements will identify the critical parameters. The identified parameters may contribute towards proper design and rehabilitation of URM structures.
In this paper, seismic displacement demand on low-strength URM shear walls subjected to ground motions from the Himalayan region is evaluated. Two URM walls based on the similarity of their material and geometric properties with URM walls in the Himalayan region (Bureau of Indian Standards, 1991) were selected. The monotonic capacity curve is generated using a mechanistic-based procedure, which identifies limit states of cracking, strength, and collapse using stress-based criteria. The hysteretic behavior of both walls was validated with observed quasi-static experimental behavior using a Pivot model. The parameters of the Pivot model are calibrated for both walls using least squares optimization, and a good match is obtained between experimental and analytical hysteresis curves. The suite of strong ground motions for nonlinear time history analyses is developed using data obtained from major Himalayan earthquakes, which cover different regions of the Himalayan arc and hence are representative of the seismic hazard of the region. The influence of the different ground motion parameters on the level of damage is determined.
Cyclic load response of shear walls
Under cyclic loads, a URM wall may fail by three mechanisms: rocking, shear or sliding. Out of these three modes, shear failures are predominant in walls with aspect ratios (height/length) less than 2.0. Many existing URM walls in the Himalayan region fall below this aspect ratio and are dominated by diagonal in-plane cracking. The URM walls are usually weak and support a heavy slab on top (Shrikhande et al., 2000) . The compressive strength of bricks in the Himalayan region (Uttar Pradesh) lies in the range of 10-20 MPa and the compressive strength of mortar lies in the range of 3 to 5 MPa (Bureau of Indian Standards, 1991) . Shear failures of URM walls, for the range of compressive strengths typical in such construction, have distinct features as shown in Figures 1  and 2 . Mild hysteresis characterizes pre-cracking behavior. The walls initially crack in flexure followed by diagonal cracking which occurs close to the peak shear force (Magenes & Calvi, 1992) . Strength degradation takes place after the onset of visible diagonal cracking which is associated with the attainment of the peak lateral force. Post-peak response is characterized by rapid strength and stiffness degradation and also higher energy dissipation. Failure occurs by diagonal shear cracking through mortar joints. The ultimate displacement in shear failure is lower as compared with other common failure modes of URM walls. Walls with higher axial stress exhibit similar response to that of wall failing in shear, but had greater strength due to higher axial stress which increases the resistance in shear.
The monotonic shear-deformation (V À Δ) response of the wall under constant applied vertical stress forms the backbone to the cyclic load response. An incremental procedure for obtaining the deformation considering the different damage mechanisms was used for obtaining the envelope curve (Penelis, 2006) . In the analysis, the load deformation curve (V À Δ curve) is generated at each increment of lateral force, by combining deformations due to flexure and shear, while checking the modes of failure by comparing lateral force with the shear and flexural strengths. The flexural deformation, Δ m is calculated by generating the curvature diagram at each increment of lateral force using equilibrium and deformation compatibility conditions on the section. The compressive stress is assumed to be linear with strains. Tensile strength of masonry is neglected. Moment of Inertia is revised at each increment of the lateral load based on the effective uncracked section. The curvature diagram is then integrated to get the deformation due to flexure. This formulation is slightly conservative. The shear component Δ v is calculated as a bilinear curve, which is governed by elastic shear modulus in the pre-cracking regime and effective shear modulus in the post-cracking regime. Effective shear modulus is taken equal to 90 times of masonry compressive strength which was established from statistical analyses of experimental results (Penelis, 2006) . Shear response is a bilinear curve which is marked by diagonal cracking of shear walls followed by a softening effect due to a reduction in the effective shear area and is modelled as a parabolic fit. In the backbone curve as shown in Figure 1 , A is the origin and B denotes the point of initiation of a flexural crack. After cracking in flexure, an unreinforced wall resists moment through the force couple that is generated as the resultant of vertical compressive stress shifts towards the wall toe as the total vertical force was kept constant. This shift in the resultant compressive stress of constant magnitude resulted in a decrease in lateral stiffness but did not reduce the overall shear strength and is represented by line CD. Point D signifies peak response of wall. The final portion DE is marked by both strength and stiffness degradation due to a reduction in the effective shear area.
Flexural strength is given by (Magenes & Calvi, 1997) :
where P is the axial load, p ¼ P=Ht is the axial stress, H is the wall height, D is the length of the wall, t is the thickness of the wall, f u is the masonry compressive strength, k is a coefficient which accounts for vertical stress distribution at the compressed toe,
Shear strength is given by (Magenes & Calvi, 1997) :
τ cs refers to shear stress relevant to the cracked section and is given as:
τ ws refers to shear stress of the whole section and is given as:
τ b refers to shear stress based on cracking of bricks and is given as:
where c is the cohesion of joint, μ is the coefficient of friction of joint, f bt is the tensile strength of brick. The role of weak head joints and a correction of the friction and cohesion coefficient which is given by c 0 ¼ kc and μ 0 ¼ kμ (Mann & Muller, 1982) k
where Δ x and Δ y are the length and height of brick unit respectively. Two shear walls with separate series of static tests are considered here to generate the backbone curve and to get the cyclic load response (Anthoine et al., 1995; Magenes & Calvi, 1992) . The geometric and material properties are summarized in Table 1 .
The multilinear-plastic pivot model available in SAP2000 (Computers and Structures Incorporated, 2012) was used to model the behavior of the URM wall. The link element enables the user to replicate cyclic behavior of the URM wall, by defining four pivot parameters, α 1 , α 2 , β 1 and β 2 which control the shape of the hysteresis loop, strength degradation and stiffness degradation. The parameters of the pivot model were calibrated using the optimization technique of least squares method, with the objective of minimizing the error with respect to the experimental results. For the wall reported by Anthoine et al. (1995) the four pivot parameters, α 1 , β 1 , α 2 and β 2 were obtained as 0.90. The parameters are equal in magnitude because of symmetry of cyclic response and absence of pinching. Figure 2 shows the good match between the experimental hysteresis loops and the loops obtained from the pivot model. Another URM shear wall, reported by Magenes and Calvi (1992) had a higher imposed load. For this wall, the four pivot parameters, α 1 , β 1 , α 2 and β 2 were obtained to be equal to 0.90. Figure 2(b) shows the match between the experimental hysteresis loops and the loops obtained from the pivot model. The parameter values are similar for both walls, owing to the fact that both walls had a symmetric response without pinching. From Figure 2 , displacement limit states corresponding to cracking, strength and collapse were identified as 0.5, 2 and 7.5 mm for wall 1 and 1, 3.5 and 16 mm for wall 2, respectively.
Strong motions and their characteristics
Seismic activity in the Himalayan region is primarily due to the collision of Indian and Eurasian plates (Ni & Barazangi, 1984; Seeber & Armbruster, 1981) . In this region, the Indian plate subducts beneath the Eurasian plate, the consequent build-up of elastic strain energy causes the region to be highly seismically active. Major fault systems which span the length of the Himalayan arc are the Main Frontal Thrust (MFT), the Main Boundary Thrust (MBT), the Main Central Thrust (MCT) and the Indus Suture Thrust (Kayal, 2001) . Many large (M > 7.0) and great earthquakes (M 8.0 and above) frequently occur between the MCT and MBT (Chopra, 2012) . Bilham and Wallace (2005) predict that four large earthquakes may occur within the inferred seismic gap areas.
To understand the damage in recent Himalayan earthquakes to URM walls, a suite of strong ground motions is developed from unscaled, actual ground motions from major Himalayan earthquakes. Strongmotion data from the Main Himalayan Seismic Belt for Uttarkashi (1991), Chamoli (1999 ), Nepal (2015 and Sikkim (2011) (Personal Communication, 2016) were also used in the analyses. These five earthquakes were selected to represent the seismic hazard of the region. These Table 1 . Geometric and material properties for shear walls (Anthoine et al., 1995; Magenes & Calvi, 1992) high moment magnitudes earthquakes have their origins in the Himalayan region and represent the variation in local topography as they cover different regions of the Himalayan arc.
The 1991 Uttarkashi earthquake (M w = 6.8) was associated with the MCT zone of the Himalaya (Mandal, Rastogi, & Gupta, 2000) . The 1999 Chamoli earthquake (M w = 6.8) also occurred along the sub-faults of the MCT (Jain et al., 1999) . Both the 1991 Uttarkashi and the 1999 Chamoli were classified as "shallow". The epicentres for the two earthquakes were close to each other and had similar tectonic environment (Joshi, 2006) . Strong ground motion recording stations for the two earthquakes were located in a range of 20km to 160km from the epicentres. The 1991 Uttarkashi earthquake triggered recordings at 13 stations, while the main shock of the 1999 Chamoli earthquake triggered 10 stations.
The 2011 Sikkim earthquake (M w = 6.9) had a more complex origin (Rajendran, Rajendra, Thulasiraman, Andrews, & Sherpa, 2011) as typical earthquakes in this region are inter-plate in nature, however, the Sikkim earthquake seems to be triggered from an intraplate source on the Eurasian Plate. The Sikkim earthquake was also classified as "shallow" and triggered strong motion accelerographs at seven stations. The 2015 Nepal earthquake (M w = 7.8) was located between the major thrusts MCT and MBT (Parameswaran et al., 2015) . The 2005 Kashmir earthquake (M w = 7.6) which caused widespread destruction to URM structures, also occurred along the off-shoots of the MBT (Mandal, Chadha, Kumar, Raju, & Satyamurty, 2007) . Figure 3(a)-(c) shows the pseudo-spectral acceleration (PSA) at 5% damping, for horizontal components of strong ground motions from the Uttarkashi (1991), the Chamoli (1999) and the Sikkim (2011) earthquakes. The response spectra for Zone IV from the Indian code of design practice, IS: 1893, which forms the basis of the design of structures in India is also shown in the figures for comparison. It may be observed that response spectra of 2011 Sikkim earthquake exceed the Zone 4 level of IS: 1893 and exhibit sharp peaks around 0.1 sec followed subsequently by a sharp drop. This indicates the presence of very high-frequency content in the ground motion. As compared to the Sikkim quake, response spectra from the Uttarkashi and the Chamoli earthquakes have a wide acceleration sensitive region. Figure 4 shows PSA (5% damping) for horizontal components of strong ground motions from the 2005 Kashmir (M w = 7.6) and the 2011 Nepal (M w = 7.8) Earthquakes. As compared to the Uttarkashi, Chamoli and, Sikkim earthquakes, the spectra from Nepal and Kashmir show very wide acceleration sensitive region. The response spectra for Zone V from IS 1893 is also shown for comparison: it is observed that response spectra exceed the Zone V level of the IS: 1893 prescribed level. Further, the response spectra have significant long-period components indicating the presence of significant low frequency content. The presence of low frequency content is also caused due to the locations of the recording stations: ground motions from Nepal were recorded in the Kathmandu valley and, four sites were classified as sedimentary and, one site was classified as rock. Typically, the estimation of frequency content in ground motions is typically done using Fast Fourier transforms (FFT), which transform a time history into a frequency domain and highlight the frequency ranges at which energy is concentrated. As the computation of FFTs is tedious, single parameter estimates, such as the predominant period, T p and mean period, T m are used in this study, to characterize the frequency content of ground motions used for NTHA.
Typical URM walls are very stiff and lie in the short period range. Essentially, the walls will be more prone to damage by high-frequency waves. Response spectra of ground motions considered in the present study show wide variation: while the Sikkim earthquake represents high-frequency ground motion recorded on rock sites, the Nepal earthquake represents ground motions with lowfrequency content. All ground motions from the Nepal and Sikkim earthquakes exceed the code recommended response spectra. Frequency content in the ground motions from the Uttarkashi and the Chamoli earthquakes spans across low-to high-frequency range. Response spectra for the Uttarkashi and Chamoli earthquakes lie both below and above the code prescribed limits. Using the available variety of ground motions, the expected damage to URM walls analyzed in this study, having T n = 0.1 sec and T n = 0.3 sec, would provide for understanding the damage/fragility to the URM wall structural system within the range of structural parameters expected in the field.
Results from nonlinear time history analyses
NTHA is a rational and rigorous method for evaluating the seismic performance of a structure. In this study, NTHA was performed in SAP2000 using Nonlinear Direct Integration History method. The Hilbert-Hughes-Taylor algorithm (γ ¼ 0:5; β ¼ 0:25, α ¼ 0) was used with a step time of 0.02s. The mass-proportional and stiffness proportional coefficients for Rayleigh damping were computed using standard procedure (Chopra, 2012) . Table 2 to 6 display results from NTHA performed on the two URM walls. Peak displacements of both URM walls are identified from the output time histories and are tabulated. The tables include the name of the recording station, soil type prevalent at the station and epicentral distance of the station. Frequency content in the ground motion is represented using single parameters, such as Mean Period, T m and Predominant Period, T p . The PGA, peak ground velocity (PGV), and the peak ground A=V ratio for ground motions are also tabulated. The site class is defined based on shear wave velocity, V s30 (Mittal, Kumar, & Ramhmachhuani, 2012) As the natural period of the URM walls lies in the acceleration sensitive region of the response spectra of most grounds motions (except for the Sikkim earthquake), the PGA is selected to represent the ground motion intensity. The displacement of the URM walls is plotted against PGA values of individual ground motions in Figures 5 and 6 . The limit states of cracking, strength, and collapse obtained from the backbone curve are plotted in the figures for reference. For the wall with the smaller axial load and time period 0.1s, ground motions with PGA below 0.02g result in displacements less than 0.5 mm and cause little cracking or no damage. Ground motions with PGA values between 0.02 and 0.05g cause the URM wall to reach displacement limit corresponding to the wall's shear strength. A linearly increasing trend is observed between the PGA and the observed displacement up to a PGA value of 0.1g. Ground motions with PGA values above 0.1g lead to high displacements (over 7.6mm) and cause the collapse of the URM wall. In the case of the wall with higher axial stress and time period 0.3s, ground motions with PGA below 0.04g, result in displacements less than 1 mm and cause little cracking or no damage to the URM wall. Ground motions with PGA values between 0.08 and 0.14g cause the wall to reach its shear strength. The PGA exhibits a linearly increasing relationship with the observed displacement, till a PGA value of 0.14g. Ground motions with PGA values above 0.14g lead to high displacements (over 16mm) and cause collapse. The URM wall with a higher imposed load resists seismic waves with slightly higher PGA before the collapse.
While the general trends indicate an overall linear relationship between displacement and PGA, it is also observed that in a few cases the response of the URM walls differs from these trends (shown marked in Figures 5 and 6) . In a few cases, the strength limit state is observed at low PGA while at a large PGA (greater than 0.2g), very low displacements are recorded. The ground motions corresponding to the cases which exceeded the strength limit state at low PGA are shown in Figures 7 and 8 . The presence of sharp velocity pulses in the low PGA seismic records, Joshimath-T (from the 1999 Chamoli database) and Tehri-T (from the 1991 Uttarkashi database) caused the URM Walls to collapse. In both cases, observations of the time history output of the URM walls indicate that immediately after the arrival of the velocity pulse, the walls experienced high strength demand. This is followed by strength and stiffness degradation, causing the URM walls to exhibit high displacements. In particular, the URM wall with lower axial load reached its collapse displacement limit of 7.5mm under both pulse ground motions. While the URM wall with higher axial stress did not collapse under these two pulse motions, it experienced displacements which were close to its collapse displacement limit.
The response spectra of the two records with pulse characteristics also exhibit wide bi-modal characteristics (shown in Figure 9 ). Hysteresis loops from the quasi-static experimental tests indicate that the stiffness of the URM wall with low axial stress, decreased nine-fold during the tests, and hence the natural time period of the wall exhibits a three-fold increase during severe ground motions, making it susceptible to damage under wide/bi-modal spectra. Under the two ground motions, the stiffness of this URM wall was observed to decrease six-fold and nine-fold, respectively. Similarly, the experimental test response of the URM wall with high axial stress exhibits a decrease in stiffness by a factor of three. The low PGA levels of both records indicate that the high displacement of these walls was due to the combined effect of velocity pulses along with the wide acceleration sensitive response spectra. Ground motions with "pulse" velocity features and wide/bi-modal response spectra have been reported to cause higher damage to a structure. Pulse-type motions exhibiting wide acceleration sensitive region in the response spectra result in higher strength demand (Chopra & Chintanapakdee, 2001; Malhotra, 1999) and also imposes a large displacement demand (Kalkan & Kunnath, 2006) . Two ground motions from the 1999 Chamoli earthquake, recorded at the Roorkee station (soil type C; equivalent to soil type D/E as per ASCE 7-10 (American Society of Civil Engineers, 2010) exhibited peculiar response spectra as shown in Figure 10a . An increasing trend is exhibited, till a weak peak is observed at 0.8s followed by a sharp peak at 1.5s. As seen from Table4 ,both URM walls analyzed in this study exhibited high displacements and collapsed under these two weak ground motions. On the contrary, a high PGA ground motion, Melli-H1, from the 2011 Sikkim earthquake resulted in low values of storey displacement. The reduced displacements are possibly due to the extremely high-frequency content in this ground motion, as seen in Figure 10b , which may not have allowed the URM Walls enough time to respond in any particular direction. Tables 2 to 6 indicate that NTHA performed using ground motions from the 2005 Kashmir earthquake, the 2015 Nepal earthquake and the 2011 Sikkim earthquake resulted in high displacements corresponding to complete damage of URM walls. Post-earthquake field reports obtained from the literature for these three earthquakes indicate heavy damage to URM structures. Extensive damage to masonry structures in the Sikkim earthquake, in particular to buildings in the towns of Gangtok, Chungthang, Mangan and Singtam has been reported (Rajendran et al., 2011) . In the present study, collapse of walls is predicted by NTHA, using ground motions corresponding to these towns. The 2005 Kashmir earthquake caused widespread damage to URM structures, and the post-earthquake reconnaissance studies classified the performance of URM structures as "collapse prevention or worse" (Rossetto & Peiris, 2009) . In this study, both records from Abbottabad used for NTHA resulted in high displacements leading to complete collapse of both URM walls. Similarly, traditional URM structures performed poorly in the Nepal earthquake (Whitney & Agrawal, 2017) . All ten records from Nepal earthquake used for NTHA in the current study caused high displacements leading to collapse, corresponding well with the damage reported from the post-earthquake survey.
Observations of displacements from
However, post-earthquake field reports from the 1991 Uttarakashi earthquake and the 1999 Chamoli earthquake report a wide variation in observed damages. In the 1991 Uttarkashi earthquake, MMI Intensity VIII was assigned to the epicentral area thus classifying the damage as "severe." MMI level VIII corresponds to "great damage in poorly built structures, fall of monuments, walls, chimneys, etc." The buildings in the towns of Uttarkashi and Bhatwari suffered severe cracking and collapse (Arya, 1992) . In the present study, ground motions from these two towns used for NTHA corresponded to high displacements leading to collapse of URM walls. In towns further from the epicenter, the assigned MMI intensity levels ranged from VI to IV. A corresponding variation in displacements is accordingly observed in the present study. Shrikhande Rai, Narayan, and Das (2000) and Jain et al. (1999) discuss the performance of structures in the Chamoli earthquake. There was extensive damage to the twin cities of Chamoli and Gopeshwar and the neighboring district of Rudraprayag and an MSK intensity level of VIII, corresponding to "considerable damage" was assigned to a few locations. Shaking under such an intensity level causes older structures sustain considerable damage and partially collapse. Shrikhande et al. (2000) report that most of the houses in the epicentral area "were razed to the ground or were partially collapsed." In-plane shear failure of brick masonry walls was also reported. In the present study, ground motions from Gopeshwar and Ukhimath town used for NTHA showed high displacements corresponding to collapse of URM walls. In towns further from the epicenter, MMI intensity level of VI corresponding to visible damage to masonry structures was assigned. A corresponding variation in displacements is accordingly observed in the present study.
Further, in the 1999 Chamoli quake, the influence of local geology and topography was mainly observed in the frequency content of recorded accelerograms (Shrikhande et al., 2000) . As seen in Figure 11 , ground motions recorded at Gopeshwar, situated near the valley, have lower ranges of frequency content for the near-field motions (Shrikhande et al., 2000) . Ground motions recorded at Ukhimath station, which is situated on a hilltop, have higher ranges of frequency content.
Ground motions with frequency parameters close to the natural frequency of the structure may cause increased values of displacement. In this study, a weak correlation is observed between wall displacements and frequency parameters of the Chamoli earthquake, which results in a slight increase in displacement values. However, for the other earthquakes, a weak correlation is observed between wall displacements and frequency parameters. The correlation coefficients are tabulated in Table 7 . It is observed that the frequency content of the earthquake is a secondary parameter which may explain damage only in some instances.
Summary
Observations of tabulated displacements indicate that NTHA performed using ground motions from the 2005 Kashmir earthquake, the 2015 Nepal earthquake and the 2011 Sikkim earthquake resulted in high displacements corresponding to complete damage of low strength URM walls. These analytical results compare favourably with the post-earthquake field studies from these three earthquakes which report significant to catastrophic damage to masonry structures. NTHA performed using ground motions from the 1991 Uttarkashi earthquake, and the 1999 Chamoli earthquake present a variation in displacements, ranging from no damage to collapse. The results compare favorably with reconnaissance studies carried out in the aftermath of the two earthquakes where varying levels of damage intensity were assigned to different regions, based on the wide variation in observed damage.
While grounds motions with low PGA values caused low displacements, ground motions with moderate PGA values caused the URM walls to reach their strength and exhibit moderate hysteresis loops. Diagonal cracking in shear walls occurs close to the peak shear force. Ground motions with high PGA levels excited the walls to the post-peak regime causing collapse. The post-peak response of shear walls is characterized by rapid strength and stiffness degradation and also higher energy dissipation.
Stiff URM structures, having low natural time period are vulnerable under moderate to high PGA seismic waves. It is known that dynamic response of structures is also sensitive to the frequency content of the ground motion. However, in the present study, it is observed that there is a very weak correlation between the displacements and frequency parameters. It may be inferred that the frequency content of the earthquake is a secondary parameter which may explain damage only in some instances. URM shear walls exhibit rapid stiffness degradation and their fundamental period elongates during the duration of the strong motion, thus increasing their vulnerability to ground motions with wide response spectra. Pulse ground motions were notably observed to have a damaging effect on low strength URM walls.
Conclusions
The behavior of both low strength shear walls examined in this study was found to be brittle in nature. Low strength URM shear walls with a lower level of pre-compression are more vulnerable than walls with high levels of pre-compression. Wall 1 (p ¼ 0.6MPa) and wall 2 (p ¼ 1.24 MPa) collapse under PGA levels of 0.1g and 0.14g, respectively. As the Himalayan region lies in the high seismic zone, ground motions with PGA levels greater than 0.1g are expected. Low strength URM shear walls would collapse or be heavily damaged under such expected ground motions. Accordingly, URM walls in this region must be retrofitted to resist the high displacements corresponding to the PGA levels.
However, due to differences in the material properties, the previous research work on URM structures cannot be compared directly with the present work on URM shear walls. The conclusions from this study are limited to walls having aspect ratio and axial stress similar to the two shear walls considered for investigation. The effect of axial stress, material properties and boundary conditions on the seismic behavior of masonry walls, can be further investigated. The findings of this study may be generalized by considering different types of URM walls prevalent in the Himalayan region. 
